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Windblown  snow  causes  severe  reduction  in  vi sibil IV  and  is  a  principal  cause 
of  obscuration  in  some  regions  of  the  world.  Mechanisms  of  snow  transport  are 
presented  along  with  particle  size  distributions,  shape,  and  fall  velocity. 
Relationships  between  visibility  and  wlndspeed  and  also  between  visibility  and 
mass  density  In  blowing  snow  are  discussed.  Variation  of  visible  and  Infrared 
extinction  coefficients  with  height  are  derived.  In  the  near-millimeter  wave 
region,  the  Rayleigh  approximation  is  adequate  for  wavelengths  greater  than  4 
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SUMMARY 

Visibility  be  severely  reduced  In  blowing  snow.  It  has  been  shown  that 
visibility  Is  Inversely  proportional  to  mass  density  at  eye  level  and 
decreases  with  Increasing  wlndspeed. 

Extinction  In  windblown  snow  is  approximately  Independent  of  wavelength  In  the 
visible  and  Infrared  regions.  The  extinction  coefficient,  eyjs,  In  this 
wavelength  region  varies  with  height,  Z,  according  to 


6v1s  =  61 
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0.596 


where  u*  is  friction  velocity  and  the  subscripts  Indicate  a  reference 
height. 

For  near-mii 1 imeter  wavelengths  greater  than  4  nin,  the  Rayleigh  scattering 
approximation  may  be  used  to  determine  b.  Extinction  Increases  with 
increasing  temperature  over  the  range  of  -20°C  to  0°C.  The  relationship 
between  e  and  visibility,  V,  for  wavelength,  x,  is 


2.09 

_ 


(■4zA)- 

\  nr  +  2  / 


where  m  is  the  complex  index  of  refraction  for  ice,  x  Is  In  units  of 
millimeters,  and  V  is  in  units  of  kilometers. 

Mote  that  the  relationships  derived  In  this  report  have  not  been  verified  by 
field  measurements  and  may  be  subject  to  change  should  such  measurements 
become  available. 
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INTRODUCTION 


Windblown  snow  is  one  of  the  principal  causes  of  obscuration  in  the  polar 
regions  and  can  occur  in  many  other  geographical  areas.  When  the  snow  on  the 
ground  is  dry  and  composed  of  fine-grained,  loose  particles,  it  is  easily 
swept  into  the  air  by  gentle  or  moderate  winds.  When  the  wind  is  in  the  range 
of  4  to  6  m/s,  it  raises  snow  crystals  a  few  feet  off  the  ground  and  obscures 
many  surface  objects  and  features.  With  speeds  exceeding  7  m/s,  wind  can 
carry  the  snow  to  much  greater  heights.  These  critical  windspeeds  are  often 
exceeded  in  the  polar  regions  where  blowing  snow  is  reported  on  an  average  of 
5  to  10  percent  of  the  observations  in  the  winter  season.1  At  Barter  Island 
Air  Force  Base,  Alaska  (latitude  70°N),  blowing  snow  is  reported  on  the 
average  in  about  25  oercent  of  all  observations  in  November.  The  snow  blown 
along  in  a  ma;on  blizzard  in  the  oolar  regions  '!s  not  necessa**i‘y  confined  to 
a  vepy  sha1‘la»  surface  layer  but  may  form  a  c^ud  as  deep  as  300  m.2 

Blowing  snow  occurs  when  the  w'odspeed  and  the  surface  roughness  are 
sufficient  to  develop  a  shear  stress  great  enough  to  break  particles  free  from 
the  surface.  The  magnitude  of  this  critical  shear  stress  will  vary  with  the 
size  of  the  sncw  grains  and  with  the  degree  of  i ntergranular  bonding  in  the 
surface  layer.  With  cold,  cohesion’ess,  fine-grained  snow,  windspeeds  of  a 
few  meters  oer  second  may  suffice  to  dislodge  particles  but  rot  to  diffuse 
them  into  the  a’>$tream  by  turbulent  exchange.  Under  these  circumstances  the 
particles  wil1  -"oil  or  bounce  along  the  surface  in  a  thin  layer,  commonly  no 
more  than  10  cm  thick.  Not  until  turbulence  is  well  developed  will  particles 
be  carried  <jp  to  and  above  eye  level.2 

Snow  particles  may  also  be  supplied  directly  by  precipitation  falling  during 
the  wind$tom  and  would  occur  at  much  lower  windspeeds  than  the  particles 
7ofted  from  the  surface.  In  practice,  it  is  difficult  to  distinguish  between 
particles  from  the  two  sources,  and  in  fact  it  may  be  difficult  to  determine 
whether  precipitation  is  even  occurring  during  the  windstorm. 

MECHANISMS  OF  SNOW  TRANSPORT 

Three  transport  mechanisms  have  been  identified  in  the  movement  of  windblown 
sand  and  snow  and  other  fluid-borne  sediments.’  As  illustrated  in  figure  1,* 
these  mechanisms  are: 


'J.  M.  Mitchell,  Jr.,  1958,  "Visual  Range  in  the  Polar  Regions  with  Particular 
Reference  to  the  Alaskan  Arctic,"  Polar  Atmosphere  Symposium  Part  I, 
Meteorology  Section,  Pergamon  Press,  London 

*M.  Mellor,  1965,  "Blowing  Snow,"  Monograph  III  -  A3c,  US  Army  Cold  Regions 
Research  and  Engineering  Laboratory,  Hanover,  NH 

*R.  A.  Bagnold,  1941,  The  Physics  of  Blown  Sand  and  Desert  Dunes,  Chapman  and 
Hal  1 ,  London 
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1.  Surface  creep  In  which  particles  roll  or  creep  along  the  surface  and 
generally  remain  in  a  layer  less  than  1  cm  thick. 

2.  Saltation  In  which  particles  bounce  along  the  surface  and  rebound 
and/or  eject  other  particles  into  the  air  when  they  Impact.  Saltation 
particles  are  primarily  contained  In  a  layer  above  the  surface  0.1  to  1.0  m 
thick. 

3.  Turbulent  diffusion  in  which  particles  are  held  in  suspension  by 
vertical  mixing. 


Figure  1.  Methods  of  transport  of  windblown  snow  (Mellor*). 


Turbulent  diffusion  is  the  dominant  mechanism  for  snow  transport  when 
appreciable  concentrations  are  carried  along  at  and  above  eye  level.  The 
particles  carried  by  turbulent  diffusion  will  be  the  only  ones  considered  here 
since  they  have  the  major  effect  on  visibility  and  the  transfer  of 
electromagnetic  energy  through  the  atmosphere.  However,  the  saltation  and 
surface  creep  particles  m«(y  affect  the  snow  background  and  target  contrast 
characteristics  and  in  that  sense  would  affect  the  operation  of  electro- 
optical  devices. 


When  stationary  conditions  exist  In  which  turbulence  transports  upward  as  much 
snow  as  settles  downward  under  the  Influence  of  gravity,  loewe*  found  that 


w  $  ■  K  (f ) 


(1) 


where 

w  =  fall  velocity  of  snow  particles 
s  =  particle  concentration 
K  *  eddy  diffuslvity 

When  the  wind  profile  is  logarithmic,  as  Budd,  Dingle,  and  Radok*  found  to  be 
the  case  in  blowing  snow,  then  the  eddy  viscosity.  A,  Is  proportional  to 
height,  that  is. 


A  -  k  u*  (Z  +  ZQ) 


(2) 


where 

k  =  0.4  is  von  Karman's  constant 

u*  =  friction  velocity  (usually  0.5  to  1.0  m/s  over  snow) 

Z0  =  roughness  length 

If  eddy  diffusivity  Is  equal  to  eddy  viscosity,  then  (1)  and  (2)  may  be 
combined  and  integrated  so  that 

w/ku* 

s  «  sl  (Z/Zj)  ,  (3) 


*F.  Loewe,  1956,  "Etudes  de  Glaclologle  en  Terre  Adelle,"  Expeditions  Pol al res 
Francalses,  Paris 

*W.  F.  Budd,  W.  R.  J.  Olngle,  and  U.  Radok,  1966,  "The  Byrd  Snow  Dlrft 
Project:  Outline  and  Basic  Results,"  Studies  In  Antarctic  Meteorology, 

American  Geophysical  Union,  Washington,  DC 
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where  the  index  refers  to  a  reference  level.*  Equation  (3)  Is  not  valid  near 
the  surface  where  saltation  and  surface  creep  are  predominant  transport 
methods;  nor  is  it  valid  when  turbulence  Is  strong  enough  to  carry  many  more 
particles  upward  than  are  settling  downward  through  gravitation.’  It  is 
assumed  here  that  particles  of  different  sizes  settle  at  different  speeds  but 
do  not  interfere  with  each  other  and  that  equation  (3)  may  be  used  to 
determine  the  variation  of  number  density  with  height  for  particles  of  various 
sizes. 


SHAPE  AND  FALL  VELOCITY  OF  WINDBLOWN  SNOW  PARTICLES 

Snow  crystals  blown  about  by  strong  winds  are  broken  and  abraded  into  roughly 
equldlmensional  grains  with  rounded  or  nearly  angular  corners.  Particles 
occur  in  greatest  numbers  with  effective  radii  in  the  range  lO^m  to  200um, 
where  the  effective  radius  is  1/2  /  length  x  breadth  (Mel lor*). 

According  to  Budd,'  blowing  snow  particles  are  usually  larger  than  those  for 
which  Stokes's  law  is  valid  for  determining  fall  velocities  but  smaller  than 
those  for  which  a  linear  dependence  upon  size  is  applicable.  However,  in  this 
study  Stokes's  law  for  spherical  particles  was  used  to  determine  w: 


(4) 


where 

r  =  particle  radius 
g  =  gravitational  acceleration 
o  =  particle  density 
n  =  coefficient  of  viscosity 


*R.  Sommerfeld  and  J.  A.  Businger,  1965,  "The  Density  Profile  of  Blown  Snow," 
Journal  of  Geophysical  Research,  70:3303-3306 

’J.  A.  Businger,  1965,  "Eddy  Diffusion  and  Settling  Speed  in  Blown  Snow," 
Journal  of  Geophysical  Research,  70:3307-3313 

*M.  Mel  lor,  1965,  "Blowing  Snow,"  Monograph  III  -  A3c,  US  Army  Cold  Regions 
Research  and  Engineering  Laboratory,  Hanover,  MH 

*W.  F.  Budd,  1966,  "The  Drifting  of  Nonuniform  Snow  Particles,"  Studies  In 
Antarctic  Meteorology,  American  Geophysical  Union,  Washington,  DC 
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This  determination  results  in  computed  fall  velocities  which  are  usually 
somewhat  low,  perhaps  as  much  as  10  percent.  Ttv  low  velocities  cause  larger 
particle  number  densities  at  higher  altitudes  than  would  otherwise  occur. 


PARTICLE  SIZE  DISTRIBUTIONS 

Budd,  Dingle,  and  Radok;5  Dyunin;5  and  Lister1 '  measured  particle  size 
distribution  of  blowing  snow.  The  size  distribution  given  by  Budd,  Dingle, 
and  Radok5  was  used  in  this  study  since  the  data  were  taken  at  specific 
heights  and  published  with  finer  resolution  than  the  others.  Figure  2  shows 
the  size  distribution  that  was  measured  at  2  m  above  the  surface.  This 
distribution  was  used  as  the  initial  size  distribution.  Then  size 
distributions  for  various  altitudes  up  to  200  m  were  determined  by  apply ■’’ng 
equations  (3)  and  (4)  to  each  size  interval.  Resulting  mass  densities  for  u* 
=  1.0  m/s  are  shown  in  figure  3. 

VISIBILITY  IN  BLOWING  SNOW 

Liljequist11  studied  the  relationship  between  visibility  and  mass  density  and 
found  that  visibility  theoretically  should  be  inversely  proportional  to  mass 
density  at  eye  level.  This  finding  was  confirmed  by  the  measurements  made  by 
Budd,  Dingle,  and  Radok5  who  found  that 


V  =  0.1/k  , 


V  =  visibility  (kilometers),  and 

=  mass  density  (grams  per  cubic  meter). 


5W.  F.  Budd,  W.  R.  j.  Dingle,  and  U.  Radok,  1966,  "The  Byrd  Snow  Drift 
Project:  Outline  and  Basic  Results,"  Studies  in  Antarctic  Meteorology, 

American  Geophysical  Union,  Washington,  DC 

’A.  K.  Dyunin,  "The  Structure  of  Storm  Snow  and  the  Laws  of  Snow  Transport," 
Voprosy  ispol 'zovaniya  snega,  Institut  Geografii  Akademii  Nauk  SSSR,  106-119. 

l(,H.  Lister,  1960,  "Glaciology  1  Solid  Precipitation  and  Drift  Snow,"  T.A.E. 
Scientific  Report  No.  5,  Trans-Antarctic  Expedition  Committee,  London 

"G.  Liljequist,  1957,  "Energy  Exchange  of  an  Antarctic  Snow  Field,"  Norwegian 
-  3ritish  -  Swedish  Antarctic  Expeditions  1949-1952,  Sci  Res,  2,  part  lc 

11 


MASS  m:\SITY  ({'fn/m*) 


I 


RADII'S  (pm) 


Figure  2.  Particle  size  distribution  of  blowing  snow  at  2  meters  above  the 
surface  (after  Budd,  Dingle,  and  Radok,  1966). 


Figure  3.  Variation  of  mass  density  with  l  where  Z  Is  height  above  the 
surface  and  Zi  Is  the  reference  height,  Zi  =  2  meters. 
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Empirical  relationships  between  visibility  and  windspeed  were  derived  by 
Lister14  who  found  at  Shack! eton  In  the  Antarctic  that  for  visibility  less 
than  1  km: 

log  V  =  1.27825  +  0.31104U  -  0.04645U*  +  0.00117U*  (summer)  (6a) 

log  V  =  1.55791  +  0.08083U  -  0.02585U1  +  0.00073U*  (winter)  (6b) 

where  U  =  windspeed  (meters/second)  at  10  m  height  and  log  is  to  the  base  10. 
The  Koschmi eder  relation 


s 


vis 


3.912 


(7) 


where  Bvis  =  visible  extinction  coefficient,  may  then  be  used  to  derive 
empirical  relationships  between  the  extinction  coefficient  and  windspeed: 

log  bv1s  *  -0.68585  -  0.31104U  +  0.04645U1  -  0.00117U5  (summer)  (8a) 

log  Bvi$  =  -0.96551  -  0.08083U  +  0.02585U*  -  0.00073U’  (winter)  (8b) 

These  relationships  are  for  a  specific  location  and  period  of  time  but  should 
provide  an  indication  of  the  effects  of  windspeed  on  visibility  and  extinction 
coefficient  at  extremely  cold  temperatures  (winter)  and  somewhat  warmer 
temperatures  (summer). 


VISIBLE  AND  INFRARED  EXTINCTION 

The  action  of  the  wind  tends  to  round  the  windblown  snow  particles  into  more 
nearly  spherical  shapes  than  most  snow  crystals  have  initially.  Because  of 
this  action,  it  is  assumed  here  that  Mie  calculations  for  spherical  particles 
would  give  valid  indications  of  the  optical  properties  of  blowing  snow. 
However,  this  assumption  has  not  been  verified  with  measurements. 

Mie  calculations  confirmed  that  for  the  size  distribution  discussed  above 
single  scattering  extinction  is  independent  of  wavelength  and  the  geometrical 
optics  approximation  holds;  that  is. 


B  *  2/*r^N(r)dr 


(9) 


1 4H.  Lister,  1960,  "Glaciology  1  Solid  Precipitation  and  Drift  Snow,"  T.A.E. 
Scientific  Report  No.  5,  Trans-Antarctic  Expedition  Committee,  London 
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where 


6  =  extinction  coefficient 

N(r)  =  particles  per  unit  volume  per  unit  size  range 
r  =  particle  radius 


The  size  distributions  found  by  using  equation  (3)  were  used  to  calculate  the 
variation  of  8  with  height  for  u*  =  1.0  m/s.  These  results  were  then  used  to 
derive  an  empirical  relationship  between  8  and  Z;  thus. 


-  0.596 


(10) 


Where  is  the  extinction  coefficient  at  Zj. 

The  variation  of  8  with  u*  found  by  using  equation  (10)  is  shown  in 
figure  4. 


Figure  4.  Variation  of  extinction  coefficient  with  \  for  various  values  of 

Ll 

friction  velocity  u*.  X's  Indicate  computed  values  used  In 

(7  \  0-596 

T~J  u*  * 


14 


rr 


I 


Extinction  measurements  In  falling  snow  have  shown  that  extinction  Is  not 
entirely  wavelength  Independent  but  Increases  slightly  with  Increasing 
wavelength.  Blowing  snow  is  expected  to  show  a  similar  effect,  which  is 
probably  due  to  Increased  forward  scattering  at  shorter  wavelengths. 

NEAR-MILLIMETER  WAVE  EXTINCTION  IN  BLOWING  SNOW 

For  wavelengths,  x,  In  the  near-mill Imeter  wave  region,  the  Rayleigh 
scattering  approximation  may  be  used  to  compute  the  extinction  coefficient,  b, 
when  x  is  greater  than  4  mm.  The  resulting  errors  are  less  than  10  percent. 
For  x  <  4  mm,  the  Rayleigh  approximation  yields  extinction  coefficients  which 
are  lower  than  those  resulting  from  Mie  calculations;  and  this  difference  is 
an  order  of  magnitude  for  x  =  0.86  mm.  The  Rayleigh  approximation  for  the 
extinction  coefficient  is  given  by 


2ir  k 

6  =  — 
Xp 


m)- 


where  m  =  n. 


-  inn-  =  complex  index  of  refraction  and  Im  indicates  the 


imaginary  part  of  the  quantity  following. 

Ray12  discusses  methods  of  computing  the  complex  index  of  refraction  for  ice 
in  the  near-mi  1 1 imeter  wave  region.  He  found  that  the  real  part,  nr,  is  1.78 

in  the  near-millimeter  wave  region  for  normal  atmospheric  temperatures.  The 
imaginary  part  varies  with  wavelength  and  temperature,  increasing  with  either 
increasing  temperature  or  wavelength.  Since  for  ice 

n  >  >  n.,  Im  (-  rV-~-  Mis  approximately  linearly  proportional  to  n^;  then 
r  \  nT  +  2  / 

from  equation  (11),  s  is  approximately  linearly  proportional  to  n^.  For 
example,  since  n^  at  0°C  (0.0012  at  x  =  1  cm)  is  about  five  times  n^  at  -20°C 

(0.00024  at  x  =  1  cm),  b  at  0°C  is  about  five  times  that  at  -20°C. 

The  relationship  between  the  near-millimeter  wave  extinction  coefficient  and 
visibility  may  be  found  by  combining  equations  (5)  and  (11)  to  give 
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where  x  is  in  units  of  millimeters,  V  Is  in  units  of  kilometers,  and  b  Is  in 
units  of  kilometers-1 .  Also,  the  Koschmleder  relation  may  be  used  to  relate  b 
to  the  visible  extinction  coefficient,  Byjs*  Thus, 


53.5  6. 


B  =  — 


(-fe)' 


where  x  is  in  units  of  millimeters  and  8  and  8V^S  are  in  units  of 
kilometers-1.  Equations  (6)  and  (12)  or  (8)  and  (13)  may  be  used  to  find  the 
relationship  between  the  extinction  coefficient  and  the  windspeed: 
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-0.68585  -  0.31104U  +  0.04645U*  -  0.00117U*  > 


(summer)  (14a) 


96551  -  0.08083U  +  0.2585U  -  0.00073U  ) 


(winter) 


(14b) 
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ATTN:  Dr.  John  F.  Ebersole 
Crosby  Drive 
Bedford,  MA  01730 

Commander 

Air  Force  Geophysics  Laboratory 
ATTN:  OPA  (Dr.  Robert  W.  Fenn) 

Hanscom  AFB,  MA  01731 

Commander 

Air  Force  Geophysics  Laboratory 
ATTN:  OP I  (Dr.  Robert  A.  McClatchey) 
Hanscom  AFB,  MA  01731 

Massachusetts  Institute  of  Technology 

Lincoln  Laboratory 

ATTN:  Dr.  T.  J.  Gobllck,  B-370 

P.0.  Box  73 

Lexington,  MA  02173 

Massachusetts  Institute  of  Technology 

Lincoln  Laboratory 

ATTN:  Dr.  Michael  Gruber 

P.0.  Box  73 

Lexington-,  MA  02173 

Raytheon  Company 

Equipment  Division 

ATTN:  Dr.  Charles  M.  Sonnenscheln 

430  Boston  Post  Road 

Wayland,  MA  01778 

Commander 

US  Army  Ballistic  Research  Laboratory/ 
ARRADCOM 

ATTN:  DRDAR-BLB  (Mr.  Richard  McGee) 
Aberdeen  Proving  Ground,  MD  21005 


Commander/Di  rector 
Chemical  Systems  Laboratory 
US  Army  Armament  Research 
&  Development  Command 
ATTN:  DRDAR-CLB-PS  (Dr.  Edward  Stuebing) 
Aberdeen  Proving  Ground,  MD  21010 

Commander/Di  rector 
Chemical  Systems  Laboratory 
US  Army  Armament  Research 
A  Development  Command 
ATTN:  DRDAR-CLB-PS  (Mr.  Joseph  Vervier) 
Aberdeen  Proving  Ground,  MD  21010 

Commander/Di  rector 
Chemical  Systems  Laboratory 
US  Army  Armament  Research 
A  Development  Command 
ATTN:  DRDAR-CLY-A  (Mr.  Ronnald  Pennsyle) 
Aberdeen  Proving  Ground,  MD  21010 

Commander 

US  Army  Ballistic  Research  Laboratory/ 
ARRADCOM 

ATTN:  DRDAR-TSB-S  (STINFO) 

Aberdeen  Proving  Ground,  MD  21005 

Commander 

US  Army  Electronics  Research 
A  Development  Command 
ATTN:  DRDEL-CCM  (W.  H.  Pepper) 

Adel  phi,  MD  20783 

Commander 

US  Army  Electronics  Research 
A  Development  Command 
ATTN:  DRDEL -CG/DRDEL-DC/DRDEL-CS 
2800  Powder  Mill  Road 
Adel  phi,  MD  20783 

Commander 

US  Army  Electronics  Research 
A  Development  Command 
ATTN:  DRDEL-CT 
2800  Powder  Mill  Road 
Adel phi,  MD  20783 

Commander 

US  Army  Electronics  Research 
A  Development  Command 
ATTN:  DRDEL-PAO  (M.  Singleton) 

2800  Powder  Mill  Road 
Adel phi,  MD  20783 


Project  Manager 
Smoke/Obscurants 
ATTN:  DRDPM-SMK 

(Dr.  Anthony  Van  de  Wal,  Jr.) 
Aberdeen  Proving  Ground,  MD  21005 

Project  Manager 
Smoke/Obscurants 

ATTN:  DRDPM-SMK-T  (Mr.  Sidney  Gerard) 
Aberdeen  Proving  Ground,  MD  21005 

Commander 

US  Army  Test  4  Evaluation  Command 
ATTN:  DRSTE-AD-M  (Mr.  Warren  M.  Baity) 
Aberdeen  Proving  Ground,  MD  21005 

Commander 

US  Army  Test  S  Evaluation  Command 
ATTN:  DRSTE-AD-M  (Dr.  Norman  E.  Pentz) 
Aberdeen  Proving  Ground,  MD  21005 

Director 

US  Army  Materiel  Systems  Analysis  Activity 
ATTN:  DRXSY-AAM  (Mr.  William  Smith) 
Aberdeen  Proving  Ground,  MD  21005 

Director 

US  Army  Materiel  Systems  Analysis  Activity 
ATTN:  DRXSY-CS  (Mr.  Philip  H.  Beavers) 
Aberdeen  Proving  Ground,  MD  21005 

Director 

US  Army  Materiel  Systems  Analysis  Activity 
ATTN:  DRXSY-GB  (Wilbur  L.  Warfield) 
Aberdeen  Proving  Ground,  21005 

Di rector 

US  Army  Materiel  Systems  Analysis  Activity 
ATTN:  DRXSY-GP  (Mr.  Fred  Campbell) 

Aberdeen  Proving  Ground,  MD  21005 

Di rector 

US  Army  Material  Systems  Analysis  Activity 
ATTN:  DRXSY-GP  (H.  Stamper) 

Aberdeen  Proving  Grounds,  MD  21005 

Director 

US  Army  Materiel  Systems  Analysis  Activity 
ATTN:  DRXSY-GS 

(Mr.  Michael  Starks/Mr.  Julian  Chernlck) 
Aberdeen  Proving  Ground,  MD  21005 


Director 

US  Arny  Materiel  Systems  Analysis  Activity 
ATTN:  DRXSY-J  (Mr  James  F.  0‘Bryon) 
Aberdeen  Proving  Ground,  MD  21005 

Director 

US  Army  Materiel  Systems  Analysis  Activity 
ATTN:  DRXSY-LM  (Mr.  Robert  M.  Marchetti) 
Aberdeen  Proving  Ground,  MD  21005 

Commander 

Harry  Diamond  Laboratories 
ATTN:  Or.  William  W.  Carter 
2800  Powder  Mill  Road 
Adel  phi,  MD  20783 

Commander 

Harry  Diamond  Laboratories 
ATTN:  DELHD-R-CM  (Mr.  Robert  McCoskey) 
2800  Powder  Mill  Road 
Adel  phi,  MD  20783 

Commander 

Harry  Diamond  Laboratories 
ATTN:  DELHD-R-CM-NM  (Dr.  Robert  Humphrey) 
2800  Powder  Mill  Road 
Adel  phi,  MD  20783 

Commander 

Harry  Diamond  Laboratories 
ATTN:  DELHD-R-CM-NM  (Dr.  Z.  G.  Sztankay) 
2800  Powder  Mill  Road 
Adel  phi,  MD  20783 

Commander 

Harry  Diamond  Laboratories 
ATTN:  DELHD-R-CM-NM  (Dr.  Joseph  Nemarich) 
2800  Powder  Mill  Road 
Adel  phi,  MD  20783 

Commander 

Air  Force  Systems  Command 

ATTN:  WER  (Mr.  Richard  F.  Plcanso) 

Andrews  AFB,  W)  20334 

Martin  Marietta  Laboratories 
ATTN:  Jar  Mo  Chen 
1450  South  Rolling  Road 
Baltimore,  MD  21227 


Commander 

US  Army  Concepts  Analysis  Agency 
ATTN:  CSCA-SMC  (Mr.  Hal  E.  Hock) 

8120  Woodmont  Avenue 
Bethesda,  MO  20014 

Director 

National  Security  Agendy 
ATTN:  R52/0r.  Douglas  Woods 
Fort  George  G.  Meade,  MD  20755 

Chief 

Intelligence  Materiel  Development 
4  Support  Office 

US  Army  Electronic  Warfare  Laboratory 
ATTN:  DELEW- I  (LTC  Kenneth  E.  Thomas) 
Fort  George  G.  Meade,  MD  20755 

The  Johns  Hopkins  University 
Applied  Physics  Laboratory 
ATTN:  Dr.  Michael  J.  Lun 
John  Hopkins  Road 
Laurel!,  MD  20810 

Dr.  Stephen  T.  Hanley 
1720  Rhodesia  Avenue 
Oxon  Hill,  MD  20022 

Science  Applications  Inc. 

ATTN:  Mr.  G.  D.  Currie 
15  Research  Drive 
Ann  Arbor,  MI  48103 

Science  Applications  Inc. 

ATTN:  Dr.  Robert  E.  Turner 
15  Research  Drive 
Ann  Arbor,  MI  48103 

Commander 

US  Army  Tank -Automotive  Research 
4  Development  Command 
ATTN:  DRDTA-ZSC  (Mr.  Harry  Young) 
Warren,  MI  48090 

Commander 

US  Army  Tank  Automotive  Research 
4  Development  Command 
ATTN:  DRDTA-ZSC  (Mr.  Wallace  Mick,  Jr.) 
Warren,  MI  48090 


Dr.  A.  D.  Belmont 
Research  Division 
Control  Data  Corporation 
P.0.  Box  1249 
Minneapolis,  MN  55440 

Di rector 

US  Army  Engr  Waterways  Experiment  Station 
ATTN:  WESEN  (Mr.  James  Mason) 

P.0.  Box  631 
Vicksburg,  MS  39180 

Dr.  Jerry  Davis 
Department  of  Marine,  Earth 
and  Atmospheric  Sciences 
North  Carolina  State  University 
Raleigh,  NC  27650 

Commander 

US  Arny  Research  Office 

ATTN:  DRXRO-GS  (Dr.  Leo  Alpert) 

P.0.  Box  12211 

Research  Triangle  Park,  NC  27709 
Commander 

US  Army  Research  Office 
ATTN:  DRXRO-PP  (Brenda  Mann) 

P.0.  Box  12211 

Research  Triangle  Park,  NC  27709 
Commander 

US  Army  Cold  Regions  Research 
4  Engineering  Laboratory 
ATTN:  CRREL-RD  (Dr.  K.  F.  Sterrett) 
Hanover,  NH  03755 

Commander/Di  rector 
US  Army  Cold  Regions  Research 
4  Engineering  Laboratory 
ATTN:  CRREL-RG  (Mr.  George  Aitken) 
Hanover,  NH  03755 

Commander 

US  Army  Cold  Regions  Research 
4  Engineering  Laboratory 
ATTN:  CRREL-RG  (Mr.  Roger  H.  Berger) 
Hanover,  NH  03755 

Commander 

US  Army  Armament  Research 
4  Development  Command 
ATTN:  DRDAR-AC  (Mr.  James  Greenfield) 
Dover,  NJ  07801 
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Commander 

US  Army  Armament  Research 
4  Development  Command 
ATTN:  DRDAR-TSS  (Bldg  #59) 

Dover,  NJ  07801 

Commander 

US  Army  Armament  Research 
&  Development  Command 
ATTN:  DRCPM-CAWS-EI  (Mr.  Peteris  Jansons) 
Dover,  NJ  07801 

Commander 

US  Army  Armament  Research 
Development  Command 

ATTN:  DRCPM-CAWS-EI  (Mr.  G.  H.  Waldron) 
Dover,  NJ  07801 

Deputy  Joint  Project  Manager 
^or  Navy/USMC  SAL  GP 

ATTN:  DRCPM-CAWS-NV  (CPT  Joseph  Mi  cel i) 
Dover,  NJ  07801 

Commander/Di  rector 

US  Army  Combat  Surveillance  &  Target 
Acquisition  Laboratory 
ATTN :  DELCS-I  (Mr.  David  Longinotti) 

Fort  Monmouth,  NJ  07703 

Commander/D"  rector 

US  Army  Combat  Surveillance  &  Target 
Acquisition  Laboratory 
ATTN:  DELCS-PE  (Mr.  Ben  A.  Di  Campli) 

Fort  Monmouth,  NJ  07703 

Commander/Di  rector 

US  Army  Combat  Surveillance  &  Target 
Acquisition  Laboratory 
ATTN:  DELC3-R-S  (Mr.  Donald  L.  co1ani) 
Fort  Monmouth,  NJ  07703 

Di rector 

US  Army  Electronics  Technology  5 
Devices  _aboratory 
ATTN:  DELET-DD  (S.  Danko) 

Fort  Monmouth,  NJ  07703 

Project  Manager 
FIREFINDER/REMBASS 

ATTN:  DRCPM-FFR-TM  (Mr.  John  M.  Bialo) 
Fort  Monmouth,  NJ  07703 


Commander 

US  Army  Electronics  Research 
&  Development  Command 
ATTN:  DRDEL-SA  (Dr.  Walter  S.  McAfee) 
Fort  Monmouth,  NJ  07703 

OLA,  2WS  (MAC) 

Holloman  AFB,  NM  88330 
Commander 

Air  Force  Weapons  Laboratory 
ATTN:  AFWL/WE  (MAJ  John  R.  El  rick) 
Kirtland,  AFB,  NM  87117 

Director 

USA  TRADOC  Systems  Analysis  Activity 
ATTN:  ATAA-SL 

White  Sands  Missile  Range,  NM  88002 
Di rector 

USA  TRADOC  Systems  Analysis  Activity 
ATTN:  ATAA-SL  (Dolores  Anquiano) 

White  Sands  Missile  Range,  NM  88002 

Director 

USA  TRADOC  Systems  Analysis  Activity 
ATTN:  ATAA-TDB  (Mr.  Louie  Dominguez) 
White  Sands  Missile  Range,  NM  88002 

Di rector 

USA  TRADOC  Systems  Analysis  Activity 
ATTN:  ATAA-TDB  (Mr.  William  0.  Leach) 
White  Sands  Missile  Range,  NM  88002 

Director 

USA  TRADOC  Systems  Analysis  Activity 
ATTN:  ATAA-TGP  (Mr.  Roger  F.  Willis) 
White  Sands  Missile  Range,  NM  88002 

Director 

Office  of  Missile  Electronic  Warfare 
ATTN:  DELEW-M-STO  (Dr.  Steven  Kovel) 
White  Sands  Missile  Range,  NM  88002 

Office  of  the  Test  Director 
Joint  Services  EO  GW  CM  Test  Program 
ATTN:  DRXDE-TD  (Mr.  Weldon  Findley) 
White  Sands  Missile  Range,  NM  88002 

Commander 

US  Army  White  Sands  Missile  Range 
ATTN:  STEWS-PT-AL  (Laurel  B.  Saunders) 
White  Sands  Missile  Range,  NM  88002 
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Commander 

US  Army  R&D  Coordinator 
US  Embassy  -  Bonn 
Box  165 

APO  New  York  09080 

Grumman  Aerospace  Corporation 
Research  Department  -  MS  A08-35 
ATTN:  John  E.  A.  Selby 
Bethpage,  NY  11714 

Rome  Air  Development  Center 
ATTN:  Documents  Library 
TSLO  (Bette  Smith) 

Griff iss  AFB,  NY  13441 

Or.  Roberto  Vaglio-Laurin 
Faculty  of  Arts  and  Science 
Dept,  of  Applied  Science 
26-36  Stuyvesant  Street 
New  York,  NY  10003 

Air  Force  Wright  Aeronautical  Laboratories/ 
Avionics  Laboratory 

ATTN:  AFWAL/AARI-3  (Mr.  Harold  Geltmacher) 
Wright-Patterson  AFB,  OH  45433 

Air  Force  Wright  Aeronautical  Laboratories/ 
Avionics  Laboratory 

ATTN:  AFWAL/AARI-3  (CPT  William  C.  Smith) 
Wright-Patterson  AFB,  OH  45433 

Commandant 

US  Army  Field  Artillery  School 
ATTN:  ATSF-CF-R  (CPT  James  M.  Watson) 

Fort  Sill,  CK  73503 

Commandant 

US  Army  Field  Artillery  School 
ATTN:  ATSF-CD-MS 
Fort  Sill,  OK  73503 

Commandant 

US  Army  Field  Artillery  School 
ATTN:  ATSF-CF-R 
Fort  Sill,  OK  73503 

Commandant 

US  Army  Field  Artillery  School 
ATTN:  NOAA  Liaison  Officer 

(COR  Jeffrey  G.  Carlen) 

Fort  Sill,  OK  73503 


Commandant 

US  Army  Field  Artillery  School 
Morris  Swett  Library 
ATTN:  Reference  Librarian 
Fort  Sill,  OK  73503 

Commander 

Naval  Air  Development  Center 
ATTN:  Code  301  (Mr.  George  F.  Eck) 
Warminster,  PA  18974 

The  University  of  Texas  at  El  Paso 
Electrical  Engineering  Department 
ATTN:  Dr.  Joseph  H.  Pierluissi 
El  Paso,  TX  79968 

Commandant 

US  Army  Air  Defense  School 

ATTN:  ATSA-CD-SC-A  (CPT  Charles  T.  Thorn) 

Fort  Bliss,  TX  79916 

Commander 

HQ,  TRADOC  Combined  Arms  Test  Activity 
ATTN:  ATCAT-OP-Q  (CPT  Henry  C.  Cobb,  Jr.) 
Fort  Hood,  TX  76544 

Commander 

HQ,  TRADOC  Combined  Arms  Test  Activity 
ATTN:  ATCAT-SCI  (Or.  Darrell  W.  Collier) 
Fort  Hood,  TX  76544 

Commander 

US  Army  Dugway  Proving  Ground 
ATTN:  STEDP-MT-DA-L 
Dugway,  UT  84022 

Commander 

US  Army  Dugway  Proving  Ground 

ATTN:  STEDP-MT-DA-M  (Mr.  Paul  E.  Carlson) 

Dugway,  UT  84022 

Commander 

US  Army  Dugway  Proving  Ground 

ATTN:  STEDP-MT-DA-T  (Mr.  John  Trethewey) 

Dugway,  UT  84022 

Commander 

US  Army  Dugway  Proving  Ground 

ATTN:  STEDP-MT-DA-T  (Mr.  William  Peterson) 

Dugway,  UT  84022 


Defense  Documentation  Center 
ATTN:  DDC-TCA 
Cameron  Station  Bldg  5 
Alexandria,  VA  22314 
12 

Ballistic  Missile  Defense  Program  Office 
ATTN:  DACS-BMT  (Colonel  Harry  F.  Ennis) 
5001  Eisenhower  Avenue 
Alexandria,  VA  22333 

Defense  Technical  Information  Center 
ATTN:  DDA-2  (Mr.  James  E.  Shafer) 
Cameron  Station,  Bldg  5 
Alexandria,  VA  22314 

Commander 

US  Army  Materiel  Development 
&  Readiness  Command 

ATTN:  DRC3SI-EE  (Mr.  Albert  Giambalvo) 
5001  Eisenhower  Avenue 
Alexandria,  VA  22333 

Commander 

US  Army  Materiel  Development 
&  Readiness  Command 
ATTN:  DRCLDC  (Mr.  James  Bender) 

5001  Eisenhower  Avenue 
A'lexandria,  VA  22333 

Defense  Advanced  Rsch  Projects  Agency 
ATTN:  Steve  Zakanyez 
14Q3  Wilson  B1 vd 
Arlington,  VA  22209 

Defense  Advanced  Rsch  Projects  Agency 
ATTN:  Dr.  James  Tegnelia 
1400  Wilson  Blvd 
Arlington,  VA  22209 

Institute  nefense  Analyses 
AT-rN :  Mr.  Lucien  M.  Biberman 
400  Army-Na"v  Drive 
Arlington,  VA  22202 

Institute  for  Defense  Analyses 
ATTN:  Dr.  Ernest  Bauer 
400  Army-Navy  Drive 
Arlington,  VA  22202 

Institute  for  Defense  Analyses 
ATTN:  Dr.  Hans  G.  Wolf hard 
400  Army-Navy  Drive 
Arlington,  VA  22202 


System  Planning  Corporation 
ATTN:  Mr.  Daniel  Friedman 
1500  Wilson  Boulevard 
Arlington,  VA  22209 

System  Planning  Corporation 
ATTN:  COL  Hank  Shelton 
1500  Wilson  Boulevard 
Arlington,  VA  22209 

US  Army  Intelligence  &  Security  Command 
ATTN:  Edwin  Speakman,  Scientific  Advisor 
Arlington  Hall  Station 
Arlington,  VA  22212 

Commander 

US  Army  Operational  Test 
&  Evaluation  Agency 
ATTN:  CSTE-ED  (Mr.  Floyd  I.  Hill) 

5600  Columbia  Pike 
Falls  Church,  VA  22041 

Commander  and  Director 
US  Army  Engineer  Topographic  Laboratories 
ATTN:  ETL-GS-A  (Mr.  Thomas  Neidringhaus) 
Fort  Bel  voir,  VA  22060 

Director 

US  Army  Night  Vision  & 

Electro-Optics  Laboratory 
ATTN:  DELNV-L  (Dr.  Rudolf  G.  Buser) 

Fort  Bel  voir,  VA  22060 

Director 

US  Army  Night  Vision  & 

Electro-Optics  Laboratory 
ATTN:  DELNV-L  (Dr.  Robert  S.  Rodhe) 

Fort  Bel  voir,  VA  22060 

Director 

US  Army  Night  Vision  & 

Electro-Optics  Laboratory 
ATTN:  DELNV-VI  (Mr.  Joseph  R.  Moulton) 
Fort  Bel  voir,  VA  22060 

Di rector 

US  Army  Night  Vision  S 
Electro-Optics  Laboratory 
ATTN:  DELNV-VI  (Luanne  P.  Obert) 

Fort  Bel  voir,  VA  22060 
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Director 

US  Army  Night  Vision 
&  Electro-Optics  Laboratory 
ATTN:  DELNV-VI  (Mr.  Thomas  W.  Cassidy) 
Fort  Be) voir,  VA  22060 

Di rector 

US  Army  Night  Vision  &• 

Electro-Optics  Laboratory 
ATTN:  DELNV-VI  (Mr.  Richard  J.  Bergemann) 
rort  Bel  voir,  VA  22060 

Di rector 

US  Army  Night  Vision  X 
Electro-Optics  Laboratory 
ATTN:  DELNV-VI  (Dr.  James  A.  Ratches) 

Fort  Bel  voir,  VA  22060 

Commander 

'JS  Army  Training  X  Doctrine  Command 

ATTN:  ATCD-AN 

Fort  Monroe,  VA  23651 

Commander 

US  Army  Training  X  Doctrine  Command 

ATTN:  ATCD-AN-M 

Fort  Monroe,  VA  23651 

Commander 

'JS  A’-my  mraini-ng  &  Doctrine  Command 
ATTN:  A^CD-F-A  (Mr.  Chris  O'Connor,  Jr.) 
'ro,-t  Monroe,  VA  23651 

Commander 

JS  Army  Training  X  Doctrine  Command 
A~TN:  ATCD-IE-R  (Mr.  David  M.  Ingram) 

"ort  Monroe.  VA  23651 

Commander 

US  Army  Trainino  X  Doctrine  Command 
ATTN:  ATCD-M-I/ATCD-M-A 
Fort  Monroe,  VA  23651 

Commander 

US  Army  Training  X  Doctrine  Command 
ATTN:  ATDOC-TA  (Dr.  Marvin  P.  Pastel) 

Fort  Monroe,  VA  23651 

Department  of  the  Air  Force 
OL-I ,  AWS 

Fort  Monroe,  VA  23651 


Department  of  the  Ai r  Force 
HQS  5  Weather  Wing  (MAC) 

ATTN:  5  WW/DN 

Langley  Air  Force  Base,  VA  23655 
Commander 

US  Army  INSCOM/Quest  Research  Corporation 
ATTN:  Mr.  Donald  Wilmot 
6845  Elm  Street,  Suite  407 
McLean,  VA  22101 

General  Research  Corporation 
ATTN:  Dr.  Ra^ph  Zifkind 
7655  Old  Springhouse  Road 
McLean,  VA  22102 

Science  Appl ications,  Inc. 

8400  Westpark  Drive 
ATTN:  Dr.  John  E.  Cockayne 
McLean,  VA  22102 

US  Army  Nuclear  X  Chemical  Agency 
ATTN:  MONA-WE  (Dr.  John  A.  Berberet) 

7500  Backlick  Road,  Bldg  2073 
Springfield,  VA  22150 

Director 

US  Army  Signals  Warfare  Laboratory 
ATTN:  DELSW-EA  (Mr.  Douglas  Harkleroad) 
Vint  Hill  Farms  Station 
Warrenton,  VA  22186 

Director 

US  Army  Signals  Warfare  Laboratory 
ATTN:  DELSW-OS  (Dr.  Royal  H.  Burkhardt) 
Vint  Hill  Farms  Station 
Warrenton,  VA  22186 

Commander 

US  Army  Cold  Regions  Test  Center 
ATTN:  STECR-TD  (Mr.  Jerold  Barger) 

APO  Seattle,  WA  98733 

HQ DA  (SAUS-OR/Hunter  M.  Woodall,  Jr./ 

Dr.  Herbert  K.  Fallin) 

Rm  2E  614,  Pentagon 
Washington,  DC  20301 

COL  Elbert  W.  Friday,  Jr. 

OUSDRE 

Rm  3D  129,  Pentagon 
Washington,  DC  20301 


Defense  Communications  Agency 
Techn-ica''  Library  Center 
Code  222 

Washington,  DC  20305 
Di rector 

Defense  Nuclear  Agency 

ATTN:  Technical  Library  (Mrs.  Betty  Fox) 

Washington,  DC  20305 

i 

De'onse  Nuclear  Agency 
T’N:  BAA".  (Dr.  Carl  Fitz) 

*ash-' ncton,  DC  20305 

Di rector 

Defense  Nuclear  Agency 

ATTN:  S°AS  (Mr.  Donald  J.  Kohler) 

Washington,  DC  20305 

Defense  Intelligence  Agency 

AT^N :  DT/AC  (LTC  Robert  Poplawski) 

Washington,  DC  20301 

HQDA  (DAMA-ARZ-D/Dr.  Verderame) 
Washington,  DC  20310 

HODA  (DAMI-ISP/M r.  Beck) 

Washington,  DC  20310 

Department  of  the  Army 
Deouty  Chief  of  Staff  for 
Operations  and  Plans 
AT~N:  DAMO-RO 
Washington,  DC  20310 

Department  of  the  Army 
Director  of  Telecommunications  and 
Command  and  Control 
ATiN;  DAMD-TCZ 
Washington,  DC  20310 

Department  or  the  Army 

Assistant  Chief  of  Staff  for  Intelligence 

ATTN :  DAMI-TS 

Washington,  DC  20310 

HODA  (DAEN-RDM/Dr.  de  Percin) 

Casimir  Pulaski  Building 
2C  Massachusetts  Avenue 
Room  6203 

Washington,  DC  20314 
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